Although optogenetic techniques have proven to be invaluable for manipulating and understanding complex neural dynamics over the past decade, they still face practical and translational challenges in targeting networks involving multiple, large, or difficult-to-illuminate areas of the brain. We utilized inhibitory luminopsins to simultaneously inhibit multiple limbic structures of the rat brain in a hardware-independent and cell-type specific manner to suppress seizure activity in a rat model of epilepsy. In addition to elucidating mechanisms of seizure suppression never directly demonstrated before, this work also illustrates how precise multi-focal control of pathological circuits can be advantageous for the treatment of epilepsy, which may also be applicable to the treatment and understanding of other neurological disorders involving broad neural circuits.
Introduction
Optogenetic tools have provided scientists with an unprecedented ability to manipulate neuronal activity in a temporally and spatially precise manner that has proven to be invaluable for understanding and controlling complex neural dynamics in various animal models of neurological disease 1 . Epilepsy is one such disease in which much progress has been made in identifying the crucial cell types and structures that are involved in generating and propagating seizure activity, and many of these targets have been effectively manipulated with optogenetics as a direct neuromodulatory therapy to suppress seizure activity (see reviews by Krook-Magnuson et. al 2 , Paz et. al 3 , and Tung et. al 4 ).
Despite these promising results, there still exists a translational challenge in controlling broad circuits, multiple targets, or large structures in the brain due to the practical limitations of light delivery. Indeed, the majority of light exiting a single optical fiber is completely attenuated within ~1mm from the fiber tip due to light scattering and attenuation that occurs in the brain 5 . Although progress has been made towards developing devices that can illuminate multiple sites or larger tissue volumes (e.g. multi-fiber 6 , waveguides 7 , red-shifted opsins 8 ), these approaches have only achieved illumination of up to 10 mm 3 and usually require external hardware or chronic implants that can make them impractical for targeting multiple structures, conducting chronic experiments, or translating these approaches into clinically viable therapies. With a greater understanding that epilepsy (amongst other neurological disorders) is indeed a disorder of broad neural networks [9] [10] [11] [12] [13] , methods for noninvasive manipulation of network activity involving multiple and/or large brain areas are needed for developing more effective treatment interventions that are amenable to chronic in vivo studies and future translation.
We previously demonstrated that optogenetic inhibition of neural activity can be achieved in a hardware-independent and scalable manner with inhibitory luminopsins (iLMO) 14 , optogenetic probes with their own genetically encoded light source that can be activated remotely by a chemical substrate (coelenterazine, CTZ). These optogenetic probes achieve the same cell-type specific inhibition as conventional opsins without the need for external hardware or chronic implants for light delivery. We were able to demonstrate the scalability of this approach by targeting expression to multiple structures of the brain covering an estimated volume of greater than 20 mm 3 (14) . These probes are therefore uniquely suited to address the hardware limitations and translatability of traditional optogenetic approaches.
To evaluate the utility of inhibitory luminopsins for interrogating and manipulating circuitlevel activity across multiple brain regions, we expressed the inhibitory luminopsin, iLMO2, in various limbic structures of the rat and evaluated its efficacy at suppressing seizure activity. We first demonstrated that iLMO2 is able to suppress focal epileptic discharges induced by bicuculline injection in the hippocampus of anesthetized rats. We then found that simultaneous inhibition of four different nodes in the brain including the dentate gyrus (DG) and anterior nucleus of the thalamus (ANT) had an additive effect of suppressing behavioral seizures induced by pentylenetetrazol (PTZ) compared to inhibition of the individual nodes, demonstrating the utility and need for optogenetic tools capable of multi-focal, scalable, and cell-type specific control of neural activity.
Results iLMO2 suppresses bicuculline-induced epileptic discharges in the dorsal hippocampus of anesthetized rats
To evaluate the ability of inhibitory luminopsins to suppress seizure activity, iLMO2 was selectively expressed in principal cells of the dorsal hippocampus of rats after induction of seizures by focal injection of bicuculline methiodide (BM). Two weeks following bilateral injection of AAV-CAMKIIa-iLMO2 into the dorsal hippocampus, rats were implanted with a 16 channel cannula-electrode for chronic recordings from CA1 and CA3 of the hippocampus and injections of CTZ, vehicle, or bicuculline directly above the virus injection site, as described previously 14 . We confirmed that CTZ was indeed reaching the principal cells around the recording electrodes by direct visualization of Hoescht dye (which has a similar molecular weight to that of CTZ) injected through the cannula (Supplementary Figure 1A) . The characteristics of the induced discharges are shown in Supplementary  Figure 1B .
Bicuculline-induced epileptic discharges were acutely suppressed, with a corresponding decrease in broad band (0-60 Hz) power of the local field potential (LFP), following injections of CTZ ( Figure 1A , top). Injection of vehicle did not significantly decrease the discharge rate or power of the LFP (Figure 1A , bottom). These effects were specific to the activity of iLMO2 and not the presence of substrate because CTZ was previously shown to have negligible effects on membrane conductance in non-transduced cells in vitro 15 . On average, CTZ was able to significantly reduce the discharge rate to 68.5% ± 8.4 (mean ± SEM) of baseline compared to vehicle control ( Figure 1B ; p=0.001, n=8 trials per group, Student's t-test). The synchrony of CA1-CA3 discharges was also significantly reduced from baseline after CTZ injection ( Figure 1A ,C; p=0.043, n=8 trials each, Student's t-test), while vehicle had no effect, suggesting that inhibition of principal cell activity had disrupted synchronized propagation of epileptic activity in the hippocampus.
We then asked whether iLMO2 could delay the development of epileptic discharges in the hippocampus. CTZ or vehicle was mixed with bicuculline and injected together in another group of animals expressing iLMO2 in the dorsal hippocampus and implanted with cannulaelectrodes. When the CTZ-bicuculline mixture was injected through the cannula, the time to seizure onset was significantly increased ( Figure 1D ; p=0.035, n=5 trials per group, Student's t-test), seizure duration was significantly decreased ( Figure 1E ; p=0.042, n=5 trials per group, Student's t-test), and the maximum discharge frequency was significantly decreased ( Figure 1F , p=0.017, n=5 trials per group, Student's t-test) compared to vehicle mixed with bicuculline. iLMO2 was therefore able to both acutely suppress and delay the development of epileptic discharges induced by focal injection of bicuculline in the hippocampus.
Optogenetic inhibition of granule cells in the dentate gyrus (DG) with iLMO2 decreases duration of behavioral seizures induced by pentylenetetrazol
The dentate gyrus of the hippocampus is a critical node in the entorhinal-hippocampal circuitry that is thought to act as a selective pattern separation filter that dampens excitatory inputs entering the hippocampal formation 16 . The function of this 'dentate gate' is thought to be disrupted in epilepsy, allowing pathological excitation to pass through the DG and spread into other limbic structures 17 . Electrophysiological 18, 19 , histological 20 , and functional imaging 21 studies have all demonstrated that the DG becomes highly active during generalized seizures induced by PTZ, suggesting a failure of the gate to prevent the spread of activity throughout the hippocampal formation and the rest of the limbic circuitry. We therefore hypothesized that we could prevent the spread of epileptic activity by selectively expressing iLMO2 in granule cells of the DG (Figure 2A , B) and optogenetically inhibiting them.
Animals expressing iLMO2 in the granule cells of the DG were administered CTZ before a systemic injection of PTZ. They were subsequently monitored for behavioral seizures for 45 minutes before sacrificing them for c-fos immunoreactivity. Although CTZ was able to significantly reduce the seizure duration compared to vehicle ( Figure 2D ; mean reduction of 99s ± 49.84 (mean ± SEM), p=0.030, n=10 animals per treatment, Student's t-test), it did not significantly increase the latency to first twitch ( Figure 2C ; p=0.297, Student's t-test, n=10 animals per treatment) or severity of seizures ( Figure 2E ; p=0.500, n=12 pairs, Wilcoxin matched pairs test). However, animals that had received CTZ prior to PTZ injection were able to recover faster (i.e. come down from peak seizure severity more quickly) than those treated with vehicle ( Figure 2F ), supporting the finding that the seizure duration was reduced in animals treated with CTZ.
The level of neuronal activation in the DG was assessed by measuring the expression of cfos, an immediate-early gene that becomes upregulated with neuronal firing 22 . CTZ treatment significantly reduced the amount of c-fos expression in DG granule cells 45 minutes following PTZ administration ( Figure 3A ,D; p=0.002, n=12 images per group, Mann-Whitney test) compared to vehicle treated animals ( Figure 3B , C). These effects were specific to iLMO2 activation because CTZ did not significantly decrease behavioral seizures or c-fos expression in the DG compared to vehicle in control animals expressing halorhodopsin (NpHR) alone (n=6 animals per treatment group) in the granule cells of the DG ( Figure 2C -F, 3D).
Optogenetic inhibition of the anterior nucleus of the thalamus (ANT) increases the latency to first twitch in addition to decreasing duration of pentylenetetrazol-induced seizures
The ANT has received much attention as an important neuromodulatory target for treating limbic seizures because electrical stimulation of this structure is effective in reducing seizures in various animal models 23, 24 as well in patients with epilepsy [25] [26] [27] . Nevertheless, the mechanism(s) of this therapy is still unclear 28 . Lesional 29 , electrical 23 , and chemical blockade 30 of the ANT all support the notion that seizure suppression is achieved by inhibiting the activity of the ANT, but this has never been functionally demonstrated, and in other contexts the mechanism of action of deep brain stimulation is thought to be via excitation of neuronal efferents 31 .
We therefore optogenetically inhibited the ANT (the anterodorsal, anteroventral, and anteromedial nuclei in the rat) with iLMO2 to see if direct inhibition of glutamatergic thalamic projection neurons, the majority of neurons found in the ANT 32 , could suppress behavioral seizures induced by PTZ. iLMO2 was expressed bilaterally in the ANT and was found in putative cell bodies of glutamatergic projection neurons ( Figure 4A ). When CTZ was administered prior to PTZ injection, there was a significant increase in the latency to first twitch ( Figure 4B ; p=0.025, CTZ group n=4 animals, vehicle group n=6 animals, Student's t-test) and a significant decrease in seizure duration ( Figure 4C Figure 4F ) supports the finding that CTZ treated animals had a later seizure onset and reduced seizure duration because these animals reached their peak seizure intensity later and recovered faster, respectively, compared to vehicle treated animals. The significant decrease of c-fos expression in the DG ( Figure 4E ; p<0.001, n=16 images per group, Mann-Whitney test) suggests that inhibition of the ANT was able to indirectly decrease the activity in the DG of the hippocampus.
Simultaneous optogenetic inhibition of the ANT and DG has an additive effect on suppressing behavioral seizures induced by pentylenetetrazol
Although inhibition of the ANT or DG was able to suppress the duration of seizures and/or delay their onset, the inability of either approach to reduce the severity of seizures prompted us to investigate a combinatorial approach to target multiple nodes in the limbic circuitry. Although the DG and ANT have been extensively studied individually, they have never been simultaneously targeted with any means of neuromodulation.
We therefore expressed iLMO2 bilaterally in both the ANT and DG to see if optogenetic inhibition on a network scale could potentially have an additive effect on behavioral seizures. When iLMO2 was expressed in both ANT and DG, seizure duration was significantly reduced in CTZ treated animals compared to vehicle ( Figure 5A ; p=0.010, CTZ group n=5 animals, vehicle group n=4 animals, Student's t-test). In contrast to groups expressing iLMO2 in either target alone, overall seizure severity was also significantly reduced ( Figure 5B ; p=0.029, n=6 pairs, Wilcoxin matched pairs test) in CTZ treated animals compared to vehicle. Simultaneous optogenetic inhibition of the DG and ANT therefore had a greater effect at suppressing behavioral seizures compared to inhibition of either structure alone. The average Racine scores over time after PTZ administration demonstrate that CTZ treated animals always had markedly less severe seizures over time on average than vehicle treated animals ( Figure 5D ). Bilateral optogenetic inhibition of both the ANT and DG with iLMO2 therefore had additive effects of suppressing generalized seizures from PTZ. C-fos in the DG of animals treated with CTZ was reduced compared to those treated with vehicle ( Figure 5C ; p<0.0001, n=19 images for CTZ group, n=16 images for vehicle group, Mann-Whitney test), which suggests that the activity of the DG was similarly suppressed during seizures.
To directly compare the combinatory effect of simultaneously inhibiting the DG and ANT with the effect of inhibiting either the DG or ANT alone, we looked at the distribution of Racine scores for each group. Among the animals that had received CTZ treatment, there was a significantly greater percentage of animals showing the mildest seizures (i.e. Racine score 1) in animals expressing iLMO2 in both the DG and ANT (DG+ANT group) compared to animals expressing iLMO2 in the DG alone (p=0.015, n=10 animals for DG group, n=7 animals for DG+ANT group Fisher's exact test). In addition, there was a significantly lower percentage of animals showing the most severe seizures (i.e. Racine score 4) in animals expressing iLMO2 in both the DG and ANT compared to the DG alone (p=0.013, n=10 animals for DG group, n=7 animals for DG+ANT group, Fisher's exact test) ( Figure 5E ). These effects were not observed among the vehicle treated animals ( Figure 5F ). 
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These results therefore suggest that simultaneous inhibition of the DG and ANT had an additive effect on seizure suppression.
Discussion
To the best of our knowledge, simultaneous cell-type specific manipulation of neural activity (either with optogenetic or chemogenetic methods) in multiple structures of the brain has not been previously described. We utilized the unique advantages of luminopsins to illustrate how cell-type specific optogenetic manipulation of epileptic networks can be achieved in a hardware-independent fashion, which allowed us to interrogate mechanisms of seizure suppression and explore new approaches for treating epilepsy. We first demonstrated that iLMO2 could be utilized to both acutely suppress and delay focal epileptic discharges in the hippocampus of rats. We then demonstrated that expression of inhibitory luminopsins can be scaled to multiple limbic structures and simultaneously activated to modulate behavioral seizures involving broad neural circuits. Selective inhibition of granule cells in the DG resulted in a significant decrease in seizure duration while inhibition of the ANT was able to significantly reduce both the latency to first twitch and seizure duration. Reduction of seizure severity could only be achieved with simultaneous inhibition of the ANT and DG, illustrating the utility of cell-type specific network modulation.
Although optogenetic inhibition of the hippocampus has been previously utilized to suppress bicuculline-induced discharges in the mouse, the effects were rather modest (illumination with 593nm light through a fiber optic resulted in a mean reduction of discharges by 17%) 33 .
Here, we demonstrated that iLMO2-mediated inhibition of the hippocampus was able to acutely suppress epileptic discharges by 31.5% on average. We were most likely able to achieve a higher degree of suppression compared to the fiber-based illumination method used previously because we were able to influence a larger volume of tissue, which was determined by the extent of iLMO2 expression rather than by light transmittance of an optical fiber. Indeed, it was estimated that only ~0.7mm 3 of tissue around the fiber tip was being illuminated in the previous mouse study while our expression in the rat hippocampus covered more than 30 mm 3 . This greater extent of inhibition was useful in the much larger hippocampus of the rat compared to the mouse, as it would have proven much more challenging to illuminate with a single optical fiber.
Direct evidence supporting the dentate gate hypothesis in epilepsy was recently provided when selective inhibition of granule cells in the DG with halorhodopsin was able to restore functionality of the gate and inhibit electrographic seizures by 66% in a mouse model of temporal lobe epilepsy 34 . Here, we provide additional evidence supporting the role of the dentate gyrus in seizure propagation using iLMO2 to inhibit the DG in a rat PTZ model of generalized seizures. Bilateral inhibition of the DG with iLMO2 was able to reduce the duration of behavioral seizures by 36.1% of control animals. It is important to note that in the acute PTZ model, the dentate gate is still functional because no hippocampal sclerosis or cell death occurs 35 . Nevertheless, functional imaging 21 and immunohistochemistry 20 reveal that the dentate gate eventually 'opens' from excessive excitatory input and becomes hyperactive during PTZ induced seizures. Our data therefore suggests that the gate can be 
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Although numerous lesional 29 , electrical stimulation 23 , and chemical blockade 30 studies of the ANT suggest that inhibition of the ANT leads to seizure suppression, this has never been functionally demonstrated; in fact it has been suggested that deep brain stimulation works instead by activating neuronal efferents 31 . We explored this question directly by using optogenetics to selectively inhibit glutamatergic neurons in the ANT during PTZ induced seizures. ANT inhibition delayed the onset of seizures (i.e. increased latency to first twitch) as well as shortened the duration of seizures, providing further evidence that inhibition of the ANT can result in seizure suppression. From functional imaging and lesional studies, we know that the ANT plays a critical role in the genesis of generalized seizures: it is the first area to show an increased BOLD response following PTZ injection, which is closely followed by the retrosplenial cortex and eventually the DG 21 . It is therefore not unexpected that inhibition of the ANT would delay the onset of seizures and shorten their duration. However, although inhibition of the ANT was able to indirectly decrease the amount of activity reaching the DG, it was not sufficient to completely suppress seizures or reduce their severity. This may be due to incomplete suppression of activity that ends up spreading and amplifying throughout the rest of the limbic circuitry. Although incomplete suppression may actually mitigate unwanted side effects of complete suppression (e.g. disruption of normal brain activity), development of more effective inhibitory luminopsins (e.g. those utilizing anion-channelrhodopsins for greater and longer lasting membrane hyperpolarization or those with activity-dependence) may allow greater control and versatility.
The recurrent excitatory connections in the limbic circuit of Papez are a prime example of how network-level activity plays an important role in neurological disease. The contribution of activity from multiple structures in the brain make it particularly challenging to manipulate network activity without risking losing specificity. Inhibitory luminopsins allowed us to target multiple structures in the brain on a network-scale with cell-type specificity. By inhibiting both the ANT and DG, we were able to significantly reduce the severity of PTZ-induced seizures, which was not achieved with inhibition of either structure alone. To the best of our knowledge, this is the first instance where four anatomically distinct regions of the brain were simultaneously manipulated with optogenetics in a hardware-independent manner. With the ability to manipulate network-wide circuits in a cell-type specific fashion, luminopsins are not only uniquely suited to study epilepsy, due to the fact that seizures can arise from dysfunction at the cellular level as well as circuit level 36, 37 , but also other disorders of network activity such as Parkinson's disease, depression, and pain.
Conventional optogenetics works on very short time-scales (milliseconds to seconds). In contrast, luminopsins can be activated on a delayed and sustained timescale (minutes to hours) in a dose-dependent manner 38 , which may be more useful for neuromodulatory approaches such as the suppression of seizures. An alternative approach that has received much attention is the use of DREADDs -designer receptors exclusively activated by designer drugs. Suppression of neural activity can be achieved with a modified muscarinic receptor or kappa-opioid receptor coupled to the inhibitory G-protein G i . While DREADDs and luminopsins are both considered to be chemogenetic reagents, their mechanisms of action are very different (ionotropic light-gated channels/pumps for luminopsins, metabotropic G-protein coupled receptors for DREADDs), which can have important implications in the context of neuromodulation (e.g. GPCR activation can result in many different cellular effects other than changing ion conductance, whereas luminopsins alter membrane conductance directly through ATP-independent bioluminescence). DREADDs have been utilized focally in two recent studies to suppress seizure activity 39, 40 , but use in multiple regions has not yet been described. The relative advantages and disadvantages for each approach remains to be characterized.
In conclusion, we utilized the unique advantages of luminopsins to demonstrate how celltype specific optogenetic modulation of epileptic networks can be achieved to interrogate mechanisms of seizure suppression and explore new therapies. We have demonstrated that inhibitory luminopsins are capable of suppressing focal epileptic activity and that they can be expressed in multiple brain regions and simultaneously activated to modulate behavioral seizures. We demonstrated the utility of cell-type specific network modulation by showing that optogenetic manipulation of multiple nodes in a circuit involved in epilepsy was more effective at suppressing behavioral seizures than manipulation of individual nodes. These results demonstrate how luminopsins offer a unique approach for scalable, multi-site optogenetic interrogation of neural networks with cellular specificity that can be valuable for investigating and treating neurological diseases affecting network-wide brain regions.
Methods

Viral vector production
AAV2/9 CAMKIIα-iLMO2 and AAV2/9 CAMKIIα-eNpHR3.0-EYFP was produced by the Emory viral vector core at a titer of 10 12 viral genomes/mL.
Coelenterazine preparation
Coelenterazine-h was purchased from Promega and was solubilized in 20 mM βcyclodextrin (Sigma) in PBS as described by Dr. Osamu Shimomura 41 . Frozen stock aliquots were kept at −20°C and protected from light. For behavioral experiments, CTZ was purchased from Nanolight and solubilized in their proprietary Inject-a-lume solvent immediately before use.
Animal experiments
All animals were purchased from Charles River Laboratories and were housed in the Emory animal vivarium with a 12hr light/12hr dark cycle. All procedures were conducted in accordance to approved guidelines from the Emory University Institute for Animal Care and Use Committee.
Stereotaxic viral injections
For animals implanted with a cannula-electrode, two month old (200-250 g) male Sprague-Dawley rats were anesthetized with 1.5-4% inhaled isoflurane and a craniectomy was made 3.3 mm posterior and 3.2 mm lateral to bregma. 1.8 μl of AAV2/9-CAMKIIα-iLMO2 was 
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Author Manuscript stereotaxically injected at a depth of 3.1 mm ventral to pia targeting the dorsal hippocampus. For animals used for behavioral testing, 1.5 month old (180-200 g) male Sprague-Dawley rats were utilized and surgeries were done in pairs with cage-matched littermates (1 control and 1 experimental animal per pair). For expression in the DG, 1.8 μl of AAV2/9-CAMKIIα-iLMO2 was injected bilaterally 4.68 mm posterior to bregma, and 2.9 mm lateral to bregma, and 3.2 mm ventral to pia. For expression in the ANT, 1.8 μl of AAV2/9-CAMKIIα-iLMO2 was injected bilaterally 1.6 mm posterior to bregma, 1.4 mm lateral to bregma, and 5.5 mm ventral to pia.
Virus was injected through a glass-pulled pipette using a Nanoject injector (Drummond Scientific) at a rate of 275 nl/min and allowed to equilibrate for 5 minutes in the brain before and after each injection. After viral injections were completed, the scalp was stapled closed and animals were allowed to recover for up to two weeks.
In vivo electrophysiology
Animals were implanted with a cannula-electrode two weeks after the viral injection as described previously 14 . Briefly, a guide cannula (Plastics One) was glued to a 16-channel microwire array (Tucker Davis Technologies) so that an injection cannula could be inserted into the guide cannula and be positioned 2-3 mm from the electrode tips. Four skull screws and one cerebellar reference screw were implanted into each animal. A craniotomy was then made over the dorsal hippocampus (array angled 50° from midline and centered 3.5 mm posterior and 2.9 mm lateral to bregma) and the cannula-electrode was manually driven into the brain while continuously recording to ensure correct placement of electrodes. Electrophysiologic recordings were sampled at 25 kHz using our custom built NeuroRighter data acquisition system 42 . LFPs were bandpass filtered (1-500 Hz) from the raw signal and visualized in real-time. The entire cannula-electrode was then sealed in place with dental acrylic (Lang Dental), the optical fiber was retracted from the guide cannula and replaced with a dummy cannula, and the animal was allowed to recover several days before further experimentation.
Intracerebral injections
Intracerebral injections of CTZ and bicuculline were conducted through the cannulaelectrode as described previously 14 . The chronically implanted cannula-electrode allowed for multiple trials to be conducted for each animal. For evaluating acute suppression of bicuculline induced discharges, each trial consisted of a 1 μl injection of bicuculline (1mg/mL) followed by a subsequent injection of either 1 μl of CTZ (600 μM) or vehicle (20 mM β-cyclodextrin in PBS) after a steady discharge rate of ~2 Hz was reached. For evaluating the effect of iLMO2 on the development of bicuculline induced discharges, a different group of animals underwent multiple injection trials consisting of 1 μl of a bicuculline/CTZ mixture (1 mg/mL bicuculline and 600 μM CTZ final concentration) or bicuculline/vehicle mixture (1 mg/mL bicuculline, 20 mM β-cyclodextrin in PBS final concentration). For both groups of animals, CTZ and vehicle injection trials were given in alternating order on one particular day. The animals were first lightly anesthetized by 0.5-1.5% inhaled isoflurane and a baseline recording of at least 10 minutes was recorded before 
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Behavior experiments
Animals were habituated in a tail vein restrainer (Braintree, Inc.) daily for 7 days prior to the PTZ experiment day in order to normalize stress levels during tail vein injection. On the day of the experiment, animals were placed in the restrainer and given an intravenous tail vein injection of CTZ (1 mg in 200 μl vehicle) or vehicle alone. After 5 minutes the animals were given an intraperitoneal injection of PTZ (60 mg/kg). The animals were then returned to their home cage and video recorded for up to 45 minutes before they were immediately sacrificed for c-fos immunohistochemistry.
Seizures were scored by a blinded viewer according to the modified Racine's scale: 1freezing/head bobbing, 2 -myoclonic jerks or isolated twitches, 3 -clonic seizures with repetitive forelimb movements, 4 -clonic/tonic seizures w/rearing and falling and loss of consciousness, 5 -status epilepticus and/or death.
Histology
After all experiments were completed, animals were sacrificed by intraperitoneal injection of Euthasol (Virbac) and transcardially perfused with 4% paraformaldehyde (PF). The heads of animals implanted with the cannula-electrodes were decapitated and kept in PF at 4°C overnight to allow for visualization of the electrode tracks. Otherwise, the brains were dissected out and allowed to fix in PF for 1 hr. After fixation, the brains were cryoprotected in 30% sucrose before coronal sections were cut on the microtome. 10 μm thickness sections were collected onto gelatin coated glass slides for c-fos immunohistochemistry. Sections were stained with primary rabbit antibody (sc-52, Santa Cruz) overnight at 4°C and antirabbit secondary for 1 hour at room temperature before imaging on an upright fluorescence microscope using NIS-elements acquisition software (Nikon). C-fos expression levels in all animal groups were quantified only in the DG of coronal sections located 4.6 mm posterior to bregma (the DG virus injection site) manually in ImageJ in a blinded fashion.
Data analysis and statistical methods
LFP recordings were analyzed offline using custom Matlab scripts and the Chronux toolbox 43 . Bicuculline-induced discharges were identified using amplitude and frequency thresholding scripts kindly provided by Dr. Daniel Wagenaar. CA1-CA3 synchrony between a pair of electrodes was calculated using matlab scripts from Quiroga et. al 44 . Power spectra of the LFP were obtained using the Chronux toolbox, in which the average low frequency power (0-10Hz) was thresholded (8*standard deviation of baseline) in order to determine an arbitrary seizure onset and offset for seizure duration calculations. For calculation of acute suppression of bicuculline induced discharge rate, the average discharge rate 10 minutes after intracerebral injection was started was compared to the average discharge rate 10 minutes before the start of the injection. CA1-CA3 synchrony was calculated immediately before and 10 minutes after injections. 
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For PTZ behavior experiments, animals that died from status epilepticus were not included in the seizure duration calculations and animals that did not seize were not counted in the latency to first twitch calculations. All animals were included in the seizure severity calculations.
Unless otherwise stated, Student's t-tests were utilized to compare differences between two means. One-tailed t-tests were conducted because we were testing whether or not our interventions could decrease seizure activity. Furthermore, we were confident that there was significant evidence from the literature suggesting the predicted directionality of the effects of our experiments. For distributions that did not approximate a normal distribution (confirmed by D'Agostino and Pearson omnibus normality tests), the Mann-Whitney (for unpaired data) or Wilcoxin ranked sum test (for paired data) was utilized. Comparisons between more than one group were done with a two-way ANOVA.
Highlights
• Inhibitory luminopsins are able to both acutely suppress and delay epileptic discharges in the rat hippocampus.
• Simultaneous inhibition of the dentate gyrus and anterior nucleus of the thalamus was more effective at suppressing behavioral seizures than inhibition of either structure alone.
• Luminopsins offer a non-invasive means for cell-type specific optogenetic manipulation of network-wide activity. animals for DG+ANT group, Fisher's exact test). (F) There was no significant difference in the percentage of animals for each Racine level among the different groups that were treated with vehicle. Error bars indicate SEM.
